Rotor winding inter-turn short circuit a common fault in hydro-generators. This fault would change the temperature, stress, and other thermal fields of a rotor and threaten the safe operation of the generator. In this paper, the Three Gorges hydro-generator is taken as an example. Mathematical models of three-dimensional temperature field and thermal stress field of rotor magnetic poles are established based on heat transfer theory and solved by finite element method. The temperature field, thermal deformation, and thermal stress distribution of magnetic poles in rotor winding inter-turn short circuit are calculated. On the basis of the calculation, the effects of the different turn numbers and positions of short circuit on the temperature, thermal deformation, and thermal stress of rotor magnetic poles are further studied. It is concluded that the thermal stress of the winding adjacent to the shorted turn would decrease, the thermal stress of the winding farther away from the shorted winding would increase, and so on. The results of this paper can provide references for inter-turn short circuit fault diagnosis and lay a foundation for the further studies of related faults.
Introduction
Rotor winding inter-turn short circuit a common fault in hydro-generators. For most hydro-generators, rotor inter-turn short circuit faults have occurred or exist [1, 2] . With increasing single unit capacity, the temperature, stress, and other changes in the internal structure of the hydro-generator are valued. When inter-turn short circuit occurs in the large hydro-generator rotor winding, the effective turns of the excitation winding decrease and the excitation current changes. These would change the temperature distribution of the rotor magnetic poles, and then affect the stress distribution of the rotor magnetic poles [3, 4] . The unbalanced thermal stress of the magnetic poles may further enlarge the inter-turn short circuit fault and even threaten the safe operation of the generator unit. Therefore, it is of great significance to analyze the temperature field and thermal stress of excitation winding inter-turn short circuit fault of the large hydro-generator, which can provide a theoretical basis for related fault detection and treatment of the hydro-generator.
At present, many scholars have made contributions to studies on the temperature fields of motors and generators. Reference [5] studied stator main insulation temperature fields of air-cooled turbo-generators after main insulation shelling. The main insulation position of maximum temperature drops and the temperature distribution of the stator main insulation along the circumference and the axial direction were analyzed. Reference [6] calculated and analyzed the three-dimensional temperature field of an axial-radial flux-type permanent magnet synchronous motor. Reference [7] studied the effect of the terminal ventilation structure changes on the end temperature distribution in the turbo-generator unit. The 3-D transient electromagnetic field in the turbo-generator end was calculated, and the eddy current losses of the end parts were gained by the finite-element method. In reference [8] , a two-dimensional mathematical model and boundary conditions were established to simulate the heat transfer and turbulent flow in the rotor body and ventilation duct. Reference [9] studied influence of rectifiers on high-speed permanent magnet generator electromagnetic and temperature fields in distributed power generation systems. Stator core losses and rotor eddy current losses were analyzed comparatively, and the influence of the converter on the generator power factor was further studied. Reference [10] calculated the conjugate heat transfer in turbulent flow within one coupled rotor model of a 250-MW hydro-generator. Reference [11] used FEM to calculate the 3D transient electromagnetic field in the air-cooled turbo-generator end and the eddy current losses of the end parts. The influence of the changed end ventilation structures on the temperature distribution of the end parts is obtained. Reference [12] calculated heat transfer coefficients and temperature fields of air-cooled large hydro-generator rotor excitation winding. In reference [13] , the influence of rotor radial ventilation ducts number on temperature distribution of rotor excitation winding and fluid flow state between two poles of a fully air-cooled hydro-generator was calculated. Reference [14] calculated the temperature field and thermal stress of excitation winding inter-turn short circuit faults in turbo-generators. The temperature field and thermal stress were analyzed to provide characteristic parameters for inter-turn short circuit fault diagnosis of turbo-generators. Reference [15] studied the three-dimensional temperature fields in inter-turn short circuit of switched reluctance motors by using thermal signature. This paper analyzed the changes of motor temperature fields caused by winding inter-turn short circuits, and diagnosed the inter-turn short circuit faults by using the temperature changes of some parts. Reference [16] used thermal imaging techniques to analyze hydro-generator temperature fields and related efficiency.
Through the analysis of the above references, the studies mainly focused on the temperature field under the normal operation of the generator. Temperature and thermal stress field distribution, as characteristics of the inter-turn short circuit faults of hydro-generators, have seldom been studied. The temperature field results of this paper can provide reference for the diagnosis of inter-turn short circuits of hydro-generators, as mentioned in the reference [15, 16] . In terms of thermal stress, some normal windings will have stress increase when inter-turn short circuit occurs. These stress increases may lead to new insulation damage and faults. Researching thermal static fields provides a new approach to inter-turn short circuit fault diagnosis. It can realize the joint diagnosis of multi fault characteristics and improve the accuracy of diagnosis. This paper establishes the calculation models of temperature field and thermal stress field of hydro-generator rotor magnetic poles based on finite element theory, heat transfer theory, and structural mechanics theory. Taking the 778 MW hydro-generator on the right bank of the Three Gorges Hydropower Station as an example, the paper calculates the various fields of the magnetic poles in the excitation winding inter-turn short circuit fault by using ANSYS software, respectively study the effects of different positions and turn numbers of the excitation winding inter-turn short circuit on the temperature field, thermal deformation, and thermal stress of various parts of the fault magnetic poles. When the short circuit occurs near the pole shoe and the pigeon tail end of the excitation winding, the effect on the distribution of the whole temperature field of the magnetic pole is relatively small, and the maximum temperature changes slightly. Through calculation and analysis, many conclusions of the thermal static structure are obtained under different inter-turn short circuit conditions. 
Establishment of Solving Model

Heat Transfer Theory
The three-dimensional heat conduction equation of an object in steady state is [11] : 
Equation (1) is a mixed boundary value calculation, and the corresponding functional J is:
where T is the temperature of the object; V is the temperature solution domain; T f is the temperature of the surrounding air; λ x , λ y, , λ z are thermal conductivities of the object in x-, y-, z-directions respectively; q v is the heat source density, here the loss caused by the generator rotor; S 1 and S 2 are the second and the third kind of boundary surfaces respectively, here the adiabatic surface and the radiating surface; α is a convection heat transfer coefficient.
The finite element model of three-dimensional temperature field of the object can be obtained by discretizing Equation (3)
where T is the temperature matrix in the solution domain; K is the total coefficient matrix; F is the total right end vector matrix. After solving the parameters in the Equation (3), the temperature of all the nodes can be obtained.
Thermal Stress Theory
According to the current thermal stress theory, the total strain of the element is superposed by two parts of changes. One part is caused by temperature change, and the other part by stress change [17] . Then, Hook's law of elastic mechanics is extended to the equation containing thermal strain and thermal stress as
where E is the elastic modulus of the object; t is the temperature variations; ξ is the linear expansion coefficient; G is the shear elastic modulus; µ is the Poisson coefficient ratio; Θ is the volume stress; e is the volume strain. ε x , ε y , ε z are respectively the strains in x-, y-, z-direction; σ x , σ y , σ z are respectively the normal stresses in x-, y-, z-direction; γ xy , γ yz , γ xz are respectively the shear strains of xy, yz, xz surfaces; τ xy , τ yz , τ xz are respectively the shear stresses of xy, yz, xz surfaces. A generalized equation of stress expressed by strain and temperature difference can be obtained by substituting (6) and (7) into (4) and (5) as:
There are more unknowns than equations in the above equations. In order to obtain the unique solution, the coordination equation representing the inherent relationship between stress and strain and the displacement equation for eliminating the displacement component are needed.
The coordination equation is:
The solution of the thermodynamic elastic equation on the surface of the object shall also satisfy the following boundary conditions:
where X, Y, Z are respectively components on the surfaces x, y, z of the element; l, m, n are respectively the cosines along the normal direction of the boundary surfaces. According to the above equations, the stress of the element can be calculated.
Physical Model
This paper establishes a physical model, taking the 778 MW hydro-generator rotor magnetic poles on the right bank of Three Gorges Hydropower Plant as the example. The main parameters of the hydro-generator and its rotor are listed in Table 1 . There are many magnetic poles of the Three Gorges hydro-generator, and the rotor magnetic pole structure is relatively complex. Limited by the calculation capacity of the simulation equipment, in order to ensure the accurate calculation of magnetic pole thermal stress, it is necessary to reasonably simplify the rotor solution domain and establish the calculation model of a single magnetic pole, shown in Figure 1 , where the assumptions are as follows [18] [19] [20] [21] [22] .
(1) The calculation model for one magnetic pole of the hydro-generator is established given that all rotor magnetic poles and wind paths of the hydro-generator are symmetrical. (2) The average values of air temperature are taken on the windward side and the leeward side of the excitation winding respectively. (3) The complex interface of the actual excitation coil is simplified to right angle connection. (4) The rotor winding insulation of the Three Gorges hydro-generator is Nomex paper. The heat conduction coefficient about the insulation of excitation winding is set to the same as Nomex paper.
The insulation between the winding and core is set to an equivalent heat conduction coefficient. (5) The heat conduction coefficient of the rotor core is anisotropic in the temperature calculation. (6) The inter-turn short circuit cases in this paper all belong to a metallic short circuit. In the case of a metallic short circuit, there is no direct current in the shorted copper coil, and there is no copper loss at the short circuit point, and the current flows directly through the short circuit point. (7) The stress, strain, displacement, and other parameters generated by the load are all continuous functions in the structure involved in the magnetic pole model. (8) Each part of the magnetic pole is completely elastic, that is, the deformation of the object under external load can completely recover after unloading without any residual deformation. There are many magnetic poles of the Three Gorges hydro-generator, and the rotor magnetic pole structure is relatively complex. Limited by the calculation capacity of the simulation equipment, in order to ensure the accurate calculation of magnetic pole thermal stress, it is necessary to reasonably simplify the rotor solution domain and establish the calculation model of a single magnetic pole, shown in Figure 1 , where the assumptions are as follows [18] [19] [20] [21] [22] . (1) The calculation model for one magnetic pole of the hydro-generator is established given that all rotor magnetic poles and wind paths of the hydro-generator are symmetrical.
(2) The average values of air temperature are taken on the windward side and the leeward side of the excitation winding respectively.
(3) The complex interface of the actual excitation coil is simplified to right angle connection.
(4) The rotor winding insulation of the Three Gorges hydro-generator is Nomex paper. The heat conduction coefficient about the insulation of excitation winding is set to the same as Nomex paper. Based on the above assumptions, the rotor magnetic pole model is established and subdivided. In the process of subdivision, the inter-turn short circuit fault of the magnetic pole excitation winding is calculated. Therefore, it is necessary to intensively subdivide the magnetic pole winding area. The subdivision of the solution domain is shown in Figure 2 . 
Determination of Boundary Conditions and Related Parameters
Boundary Conditions of Temperature Field
(1) The boundary face below the magnetic pole is an adiabatic surface. (2) The surfaces of the excitation winding and the pole shoes, and the boundary surfaces of its windward and leeward sides are all heat radiating surfaces. (3) The left side of the magnetic pole in Figure 1 is a rotating windward side, the front is an axial ventilated windward side, and the opposite side is a leeward side.
Boundary Conditions of Thermal Stress Field
In this paper, the thermal stress is calculated by thermal structure coupling analysis. The elastic modulus, Poisson ratio, thermal expansion coefficient, specific heat capacity, and thermal conductivity should be defined for magnetic pole structure material [23, 24] . The International System of Units is used in the material properties.
There are four insulating plates near the pole shoe end of the rotor magnetic pole. There are insulating plates and steel support plates at the four corners of the coil near the pigeon tail end of the magnetic pole. These are shown in Figure 3 . These structures can be equivalent by exerting stress at their positions. For example, the structure of the pigeon tail can be fixedly supported in the software according to the actual situation. 
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Rotor Loss of Hydro-Generator
There are many kinds of heat sources in the large hydro-generator rotor, mainly including copper losses of excitation windings and stray losses of damping windings. In order to ensure the accuracy of the model and the calculation, the following losses are considered:
(1) The stray losses caused by the magnetomotive force harmonic waves of the stator winding in the damping winding [23] . p is the number of generator pole pairs; B n is the number of damping strips; lB is length of a damping strip; CB is the ratio of resistance coefficient of the damping strip to copper resistance coefficient; AB is the section area of the damping strip; dB is diameter of the damping strip; δ is gap length; τ is pole pitch; kδ is total air gap coefficient; Fδ is the magnetic potential drop of the air gap; t2 is the pitch of the rotor damping strip; hn2 is the notch height of the damping slot; bn2 is the notch width of the damping slot; δ' is the length of the calculation air gap; xad is the reactive reactance of the longitudinal axis armature.
(2) Surface losses of pole shoes at no-load rated voltage
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where ∆ is the thickness of the magnetic plate; kδ1 is the air gap coefficient of the stator slot; Bδ is average magnetic density of air gaps within pole shoes; t1 is stator pitch; Ap is the calculation area of pole shoe surface.
Heat Transfer Coefficients of the Magnetic Poles and Excitation Windings of the Hydro-Generator
The rotor structure of large hydro-generator is relatively complicated, and the process of air flow in the air gaps and between rotor magnetic poles caused by the rotating rotor magnetic poles with radiating fins is also very complicated. In order to solve the difficult problem in calculating the surface heat transfer coefficient of the rotor excitation winding, the method of empirical equations is used [25] .
For the rotor magnetic pole with radiating fins of the hydro-generator, the heat transfer coefficient of the rotating coil with radiating fins is: 
Rotor Loss of Hydro-Generator
(1) The stray losses caused by the magnetomotive force harmonic waves of the stator winding in the damping winding [23] .
where
p is the number of generator pole pairs; n B is the number of damping strips; l B is length of a damping strip; C B is the ratio of resistance coefficient of the damping strip to copper resistance coefficient; A B is the section area of the damping strip; d B is diameter of the damping strip; δ is gap length; τ is pole pitch; k δ is total air gap coefficient; F δ is the magnetic potential drop of the air gap; t 2 is the pitch of the rotor damping strip; h n2 is the notch height of the damping slot; b n2 is the notch width of the damping slot; δ is the length of the calculation air gap; x ad is the reactive reactance of the longitudinal axis armature. (2) Surface losses of pole shoes at no-load rated voltage
where ∆ is the thickness of the magnetic plate; k δ1 is the air gap coefficient of the stator slot; B δ is average magnetic density of air gaps within pole shoes; t 1 is stator pitch; A p is the calculation area of pole shoe surface.
Heat Transfer Coefficients of the Magnetic Poles and Excitation Windings of the Hydro-Generator
The rotor structure of large hydro-generator is relatively complicated, and the process of air flow in the air gaps and between rotor magnetic poles caused by the rotating rotor magnetic poles with radiating fins is also very complicated. In order to solve the difficult problem in calculating the surface heat transfer coefficient of the rotor excitation winding, the method of empirical equations is used [25] . For the rotor magnetic pole with radiating fins of the hydro-generator, the heat transfer coefficient of the rotating coil with radiating fins is:
where v p is inter-pole wind speed. The heat transfer rate of the windward sides is different from that of the leeward side, and the heat transfer coefficient of the rotor winding will change as follows.
The windward side has higher wind speed and better heat radiation. Therefore, for the rotor windward side the coefficient K is about 1.1. The heat radiation of the leeward side is poor, so for the rotor leeward side the coefficient K is about 0.9. The axial ventilation and heat radiation of an air-cooled generator are considered. Therefore, there are also windward and leeward sides in the axial direction. Their heat transfer coefficients are also expressed in the Equations (17) and (18).
Effect of Rotor Winding Inter-Turn Short Circuit Current
According to the assumed conditions in Section 2.3 (6), when the excitation voltage is invariant pre and post inter-turn fault of excitation winding, the excitation current will increase with the increase of the number of short circuit turns. The temperature and stress field of the rotor magnetic poles would be affected differently.
The harmonic circulation current is generated in the stator winding when the excitation winding short circuit and then the corresponding air gap magnetic field is generated, and alternating current is induced in the excitation winding. This current is small, and its effect on temperature can be neglected.
Calculation of Temperature Field in Rotor Winding Inter-Turn Short Circuit
Temperature Field of Rotor Magnetic Pole under Normal Excitation Winding
The temperature field of the rotor magnetic pole without excitation winding inter-turn short circuit is first calculated, as shown in Figure 4 . Figure 4 is based on the positive direction of the X-, Y-, Z-axis. The rotation direction of rotor pole is from right to left, that is, the opposite direction of X-axis. In this paper, the excitation turns from the pole shoe end to the pigeon tail end are numbered 1 to 14. where vp is inter-pole wind speed. The heat transfer rate of the windward sides is different from that of the leeward side, and the heat transfer coefficient of the rotor winding will change as follows.
The windward side has higher wind speed and better heat radiation. Therefore, for the rotor windward side the coefficient K is about 1.1. The heat radiation of the leeward side is poor, so for the rotor leeward side the coefficient K is about 0.9. The axial ventilation and heat radiation of an aircooled generator are considered. Therefore, there are also windward and leeward sides in the axial direction. Their heat transfer coefficients are also expressed in the Equations (17) and (18).
Effect of Rotor Winding Inter-Turn Short Circuit Current
Calculation of Temperature Field in Rotor Winding Inter-Turn Short Circuit
Temperature Field of Rotor Magnetic Pole under Normal Excitation Winding
The temperature field of the rotor magnetic pole without excitation winding inter-turn short circuit is first calculated, as shown in Figure 4 . Figure 4 is based on the positive direction of the X-, Y-, Z-axis. The rotation direction of rotor pole is from right to left, that is, the opposite direction of Xaxis. In this paper, the excitation turns from the pole shoe end to the pigeon tail end are numbered 1 to 14. The calculated normal temperature of the magnetic pole is basically the same as the actual temperature measured at the monitoring points in [26] . As shown in Figure 5 , the test point is on the excitation winding below the magnetic pole. The results of comparison are listed in Table 2 , proving the correctness of the calculation model. The calculated normal temperature of the magnetic pole is basically the same as the actual temperature measured at the monitoring points in [26] . As shown in Figure 5 , the test point is on the excitation winding below the magnetic pole. The results of comparison are listed in Table 2 , proving the correctness of the calculation model. 
Effect of Inter-Turn Short Circuit on Temperature of Excitation Winding
The temperature field in short circuit of each turn of the rotor pole is calculated respectively. As shown in Figure 6 , the temperature fields of the magnetic pole are respectively in the 6th turn and the 12th turn shorted. Figure 7 shows the temperature of the excitation winding when each turn is respectively shorted.
According to Figure 6 and Figure 7 , the temperature of the short circuit winding is lowered. The reason is that when metallic short circuit occurs in the rotor winding, the current flows through the short circuit point. The copper loss in the short circuit turn is zero because the shorted turn current is zero. The inter-turn short circuit causes increase of excitation current, which leads to the rising trend of pole temperature. However, the inter-turn short circuit on one pole is a very small fault, and the excitation current increases slightly. The calculation shows that the temperature is mainly affected by the reduction of copper losses. 
The temperature field in short circuit of each turn of the rotor pole is calculated respectively. As shown in Figure 6 , the temperature fields of the magnetic pole are respectively in the 6th turn and the 12th turn shorted. Figure 7 shows the temperature of the excitation winding when each turn is respectively shorted. 
According to Figure 6 and Figure 7 , the temperature of the short circuit winding is lowered. The reason is that when metallic short circuit occurs in the rotor winding, the current flows through the short circuit point. The copper loss in the short circuit turn is zero because the shorted turn current is zero. The inter-turn short circuit causes increase of excitation current, which leads to the rising trend of pole temperature. However, the inter-turn short circuit on one pole is a very small fault, and the excitation current increases slightly. The calculation shows that the temperature is mainly affected by the reduction of copper losses. When the shorted turn is in the middle part, its temperature slightly drops affected by the adjacent excitation windings heating. When the shorted turn is close to the magnetic pole surface and the magnet yoke, the temperature falls greatly because of the distance from other excitation windings and the larger heat radiation area. The shorted turn has great influence on the temperature of two adjacent turns of the winding. The temperature of the shorted turn would be affected by the surrounding normal excitation windings.
Effect of Inter-Turn Short Circuit on the Whole Temperature Field of Magnetic Pole
The whole temperature field of the magnetic pole would also be affected when an inter-turn short circuit occurs in the rotor excitation winding. The maximum temperature and the lowest temperature of the magnetic pole can reflect the whole temperature changes of the magnetic pole. The calculated results are shown in Figure 8 .
The figure shows the changes of the maximum and the minimum temperatures of magnetic pole when the number of turns and the position of inter-turn short circuit of the rotor excitation winding change. The shorted turn number in Figure 8 is 0, indicating no inter-turn short circuit in the winding. When a two-turn short circuit occurs, the number near the pole shoe represents the shorted turn number. If the shorted turn is 4, two-turns mean that turns 4 and 5 are shorted. In a three-turn short circuit, the middle turn number is used as the shorted turn number. If the shorted turn is 4, threeturns mean that turns 3, 4, and 5 are shorted. According to the analysis of Figure 8 , the temperature of rotor magnetic pole would be affected by the different positions of inter-turn short circuit in the rotor excitation winding. The short circuit of the excitation windings near the pole shoe and pigeon tail end has less influence on the maximum temperature. The short circuit of No.6-No.8 turns in the middle part has the greatest influence on the maximum temperature, with the largest temperature drop in the magnetic pole. Given the calculation results in Figures 7 and 8 , when the inter-turn short circuit occurs in the excitation winding in the middle of the magnetic pole, the excitation winding with high temperature stops heating, which directly affects the high temperature area of the magnetic pole. Combined with the conclusion in the above section, the whole temperature of the magnetic pole is greatly affected by the short circuit of the central excitation turn. According to Figures 6 and 7 , the temperature of the short circuit winding is lowered. The reason is that when metallic short circuit occurs in the rotor winding, the current flows through the short circuit point. The copper loss in the short circuit turn is zero because the shorted turn current is zero. The inter-turn short circuit causes increase of excitation current, which leads to the rising trend of pole temperature. However, the inter-turn short circuit on one pole is a very small fault, and the excitation current increases slightly. The calculation shows that the temperature is mainly affected by the reduction of copper losses.
When the shorted turn is in the middle part, its temperature slightly drops affected by the adjacent excitation windings heating. When the shorted turn is close to the magnetic pole surface and the magnet yoke, the temperature falls greatly because of the distance from other excitation windings and the larger heat radiation area. The shorted turn has great influence on the temperature of two adjacent turns of the winding. The temperature of the shorted turn would be affected by the surrounding normal excitation windings.
The whole temperature field of the magnetic pole would also be affected when an inter-turn short circuit occurs in the rotor excitation winding. The maximum temperature and the lowest temperature of the magnetic pole can reflect the whole temperature changes of the magnetic pole. The calculated results are shown in Figure 8 . The short circuit in the central turns of the excitation winding of the magnetic pole has little effect on the minimum temperature of the magnetic pole, while the short circuit in the excitation windings on both sides of the magnetic pole has relatively large effect on the minimum temperature. As shown in Figure 8 , when the 1st and 13th turns are shorted, there will be a decrease in the temperature. Different from the effect of inter-turn short circuit on the maximum temperature, interturn short circuit will change the location of the lowest temperature of the magnetic pole and then affect the lowest temperature. Figure 9 shows the temperature field where two and three shorted turns occur in the middle of When a two-turn short circuit occurs, the number near the pole shoe represents the shorted turn number. If the shorted turn is 4, two-turns mean that turns 4 and 5 are shorted. In a three-turn short circuit, the middle turn number is used as the shorted turn number. If the shorted turn is 4, three-turns mean that turns 3, 4, and 5 are shorted. According to the analysis of Figure 8 , the temperature of rotor magnetic pole would be affected by the different positions of inter-turn short circuit in the rotor excitation winding. The short circuit of the excitation windings near the pole shoe and pigeon tail end has less influence on the maximum temperature. The short circuit of No.6-No.8 turns in the middle part has the greatest influence on the maximum temperature, with the largest temperature drop in the magnetic pole. Given the calculation results in Figures 7 and 8 , when the inter-turn short circuit occurs in the excitation winding in the middle of the magnetic pole, the excitation winding with high temperature stops heating, which directly affects the high temperature area of the magnetic pole. Combined with the conclusion in the above section, the whole temperature of the magnetic pole is greatly affected by the short circuit of the central excitation turn.
The short circuit in the central turns of the excitation winding of the magnetic pole has little effect on the minimum temperature of the magnetic pole, while the short circuit in the excitation windings on both sides of the magnetic pole has relatively large effect on the minimum temperature. As shown in Figure 8 , when the 1st and 13th turns are shorted, there will be a decrease in the temperature. Different from the effect of inter-turn short circuit on the maximum temperature, inter-turn short circuit will change the location of the lowest temperature of the magnetic pole and then affect the lowest temperature. Figure 9 shows the temperature field where two and three shorted turns occur in the middle of the excitation winding. According to the comparison and analysis between Figures 8 and 9 , the effects of the changes of the number of shorted turns in the rotor magnetic pole excitation winding on the temperature field in magnetic pole are similar, but the effect of a short circuit on the temperature field will be greater with an increasing number of short circuit turns. The short circuit in the central turns of the excitation winding of the magnetic pole has little effect on the minimum temperature of the magnetic pole, while the short circuit in the excitation windings on both sides of the magnetic pole has relatively large effect on the minimum temperature. As shown in Figure 8 , when the 1st and 13th turns are shorted, there will be a decrease in the temperature. Different from the effect of inter-turn short circuit on the maximum temperature, interturn short circuit will change the location of the lowest temperature of the magnetic pole and then affect the lowest temperature. Figure 9 shows the temperature field where two and three shorted turns occur in the middle of the excitation winding. According to the comparison and analysis between Figure 8 and Figure 9 , the effects of the changes of the number of shorted turns in the rotor magnetic pole excitation winding on the temperature field in magnetic pole are similar, but the effect of a short circuit on the temperature field will be greater with an increasing number of short circuit turns. 
Thermal Deformation of Rotor Winding Inter-Turn Short Circuit
Because of different thermal expansion coefficients between the rotor magnetic pole core and the excitation winding, the thermal deformations would be different with the change of the magnetic pole temperature field after the short circuit, which would affect the rotor magnetic pole structure and the reliability of the generator. 
Because of different thermal expansion coefficients between the rotor magnetic pole core and the excitation winding, the thermal deformations would be different with the change of the magnetic pole temperature field after the short circuit, which would affect the rotor magnetic pole structure and the reliability of the generator. Figure 10 shows the thermal deformation, in the international unit of length, of the rotor magnetic pole in normal condition. Figure 11 shows the thermal deformation of the magnetic pole with the 6th to 8th turns shorted of the excitation winding. According to the calculation, the inter-turn short circuit in the rotor central winding would reduce the whole deformation of the magnetic pole, where the thermal deformation of the shorted turns decreases more. With the increasing number of shorted turns, the whole deformation of the magnetic pole decreases, but the non-uniformity of winding deformation is aggravated .   Energies 2019,3, x 12 of 19 Figure 10 shows the thermal deformation, in the international unit of length, of the rotor magnetic pole in normal condition. Figure 11 shows the thermal deformation of the magnetic pole with the 6th to 8th turns shorted of the excitation winding. According to the calculation, the interturn short circuit in the rotor central winding would reduce the whole deformation of the magnetic pole, where the thermal deformation of the shorted turns decreases more. With the increasing number of shorted turns, the whole deformation of the magnetic pole decreases, but the nonuniformity of winding deformation is aggravated. Figure 12 shows the relationship between the thermal deformation and the short circuit position of some turns at the front end of the excitation winding. From Figure 12 , it can be seen that the thermal deformation first decreases and then rises with the short circuit positions from the pole shoe end to the pigeon tail end, indicating small thermal deformation of excitation windings when the short circuit occurs between that fifth and seventh turns. The thermal deformation of the second, fourth, and sixth turns would be larger than the normal ones when the short circuit occurs near the pigeon tail end of the magnetic pole. Figure 10 shows the thermal deformation, in the international unit of length, of the rotor magnetic pole in normal condition. Figure 11 shows the thermal deformation of the magnetic pole with the 6th to 8th turns shorted of the excitation winding. According to the calculation, the interturn short circuit in the rotor central winding would reduce the whole deformation of the magnetic pole, where the thermal deformation of the shorted turns decreases more. With the increasing number of shorted turns, the whole deformation of the magnetic pole decreases, but the nonuniformity of winding deformation is aggravated. Figure 12 shows the relationship between the thermal deformation and the short circuit position of some turns at the front end of the excitation winding. From Figure 12 , it can be seen that the thermal deformation first decreases and then rises with the short circuit positions from the pole shoe end to the pigeon tail end, indicating small thermal deformation of excitation windings when the short circuit occurs between that fifth and seventh turns. The thermal deformation of the second, fourth, and sixth turns would be larger than the normal ones when the short circuit occurs near the pigeon tail end of the magnetic pole. Figure 12 shows the relationship between the thermal deformation and the short circuit position of some turns at the front end of the excitation winding. From Figure 12 , it can be seen that the thermal deformation first decreases and then rises with the short circuit positions from the pole shoe end to the pigeon tail end, indicating small thermal deformation of excitation windings when the short circuit occurs between that fifth and seventh turns. The thermal deformation of the second, fourth, and sixth turns would be larger than the normal ones when the short circuit occurs near the pigeon tail end of the magnetic pole. Figure 10 shows the thermal deformation, in the international unit of length, of the rotor magnetic pole in normal condition. Figure 11 shows the thermal deformation of the magnetic pole with the 6th to 8th turns shorted of the excitation winding. According to the calculation, the interturn short circuit in the rotor central winding would reduce the whole deformation of the magnetic pole, where the thermal deformation of the shorted turns decreases more. With the increasing number of shorted turns, the whole deformation of the magnetic pole decreases, but the nonuniformity of winding deformation is aggravated. Figure 12 shows the relationship between the thermal deformation and the short circuit position of some turns at the front end of the excitation winding. From Figure 12 , it can be seen that the thermal deformation first decreases and then rises with the short circuit positions from the pole shoe end to the pigeon tail end, indicating small thermal deformation of excitation windings when the short circuit occurs between that fifth and seventh turns. The thermal deformation of the second, fourth, and sixth turns would be larger than the normal ones when the short circuit occurs near the pigeon tail end of the magnetic pole. In summary, the inter-turn short circuit fault in the excitation winding would increase the imbalance of the thermal deformation of the excitation winding, decrease the thermal deformation of the shorted turn, and increase the thermal deformation of the excitation winding farther away from the shorted turn.
Calculation of Thermal Stress in Rotor Winding Inter-Turn Short Circuit
The thermal stress calculated in this section is mainly equivalent stress. According to the second strength theory of material mechanics, the main factor causing material failure is the maximum tensile strain. Regardless of the state, the material is fractured as long as the maximum tensile strain reaches the maximum strain value of the material at tensile fracture. A comprehensive value of the principal stress is formally compared with the allowable tensile compression stress in the uniaxial direction of the material, and this comprehensive value is the equivalent stress.
Effect of the Number of Short Circuit Turns on Thermal Stress Distribution
The stress distribution of the rotor pole under the normal conditions is shown in Figure 13 . The stress distribution is balanced, with small stress at the two ends of the magnetic pole and large stress in the middle of the magnetic pole. In summary, the inter-turn short circuit fault in the excitation winding would increase the imbalance of the thermal deformation of the excitation winding, decrease the thermal deformation of the shorted turn, and increase the thermal deformation of the excitation winding farther away from the shorted turn.
Calculation of Thermal Stress in Rotor Winding Inter-Turn Short Circuit
Effect of the Number of Short Circuit Turns on Thermal Stress Distribution
The stress distribution of the rotor pole under the normal conditions is shown in Figure 13 . The stress distribution is balanced, with small stress at the two ends of the magnetic pole and large stress in the middle of the magnetic pole. The influence of different numbers of shorted turns on the thermal stress distribution of the magnetic pole is calculated with the seventh turn of the excitation winding as the center of the shorted turns. Figure 14 shows the section of the thermal stress of the magnetic pole along the central axis when the winding is short circuited. In the figure, (a) and (b) respectively show one-and three-turn short circuits. Figure 15 shows the changes of thermal stress of some excitation windings when shorted turns are from 0 to 6.
From the calculation results, it can be seen that: (1) The thermal stress in the central part of the shorted turn is slightly larger than the normal when a shorted turn occurs in the rotor, that is, the seventh turn of the excitation winding is shorted, according to the comparison between Figure 14 and Figure 15 . With the increasing number of shorted turns, the thermal stress of the seventh winding decreases gradually. This is because a shorted turn makes heating of the shorted turn reduce and the temperature drop. A certain temperature difference between the surrounding normal winding and it is generated and causes thermal stress to increase. The range of increasing thermal stress is larger than that of the decreasing thermal stress caused by decreasing temperature of the shorted turn. When the multiple turns are shorted, the range of decreasing thermal stress caused by decreasing temperature is larger, and thermal stress of the shorted turns decreases. The influence of different numbers of shorted turns on the thermal stress distribution of the magnetic pole is calculated with the seventh turn of the excitation winding as the center of the shorted turns. Figure 14 shows the section of the thermal stress of the magnetic pole along the central axis when the winding is short circuited. In the figure, (a) and (b) respectively show one-and three-turn short circuits. Figure 15 shows the changes of thermal stress of some excitation windings when shorted turns are from 0 to 6. (2) From Figure 15 , it can be seen that the thermal stress of the 2nd and 14th turns increases when an inter-turn fault occurs, but the thermal stress of the 14th turn decreases after a 5-turn short circuit of winding. The thermal stress of the 4th and 10th windings does not change much when the number of shorted turns is small. The thermal stress of the 4th turn increases and that of the 10th turn decreases when the number of shorted turns is larger. The thermal stress of the 6th turn decreases with the increasing number of shorted turns.
Thus, the thermal stress changes of adjacent normal windings can be obtained: the thermal stress of the winding farther away from the shorted winding, such as the 2nd turn and the 14th turn, would increase when inter-turn short circuit in the rotor; the thermal stress of the winding adjacent to the shorted turn would decrease; the thermal stress of the excitation winding between the above two has little change; but the thermal stress of the winding near the rotor magnetic pole shoe end tends to increase, and the thermal stress of the winding near the pigeon tail end tends to decrease. From the calculation results, it can be seen that: (1) The thermal stress in the central part of the shorted turn is slightly larger than the normal when a shorted turn occurs in the rotor, that is, the seventh turn of the excitation winding is shorted, according to the comparison between Figures 14  and 15 . With the increasing number of shorted turns, the thermal stress of the seventh winding decreases gradually. This is because a shorted turn makes heating of the shorted turn reduce and the temperature drop. A certain temperature difference between the surrounding normal winding and it is generated and causes thermal stress to increase. The range of increasing thermal stress is larger than that of the decreasing thermal stress caused by decreasing temperature of the shorted turn. When the multiple turns are shorted, the range of decreasing thermal stress caused by decreasing temperature is larger, and thermal stress of the shorted turns decreases.
(2) From Figure 15 , it can be seen that the thermal stress of the 2nd and 14th turns increases when an inter-turn fault occurs, but the thermal stress of the 14th turn decreases after a 5-turn short circuit of winding. The thermal stress of the 4th and 10th windings does not change much when the number of shorted turns is small. The thermal stress of the 4th turn increases and that of the 10th turn decreases when the number of shorted turns is larger. The thermal stress of the 6th turn decreases with the increasing number of shorted turns.
Thus, the thermal stress changes of adjacent normal windings can be obtained: the thermal stress of the winding farther away from the shorted winding, such as the 2nd turn and the 14th turn, would increase when inter-turn short circuit in the rotor; the thermal stress of the winding adjacent to the shorted turn would decrease; the thermal stress of the excitation winding between the above two has little change; but the thermal stress of the winding near the rotor magnetic pole shoe end tends to increase, and the thermal stress of the winding near the pigeon tail end tends to decrease.
(3) The distributions of the magnetic pole thermal stress components in X-, Y-, Z-direction are shown in Figure 16 . 1-x in the figure indicates the thermal stress in X-direction in one turn short circuit. From the figure, it can be seen that there are positive and negative values of the stress in each component. According to the principle of thermal stress calculation, tensile stress and strain are positive, compressive stress and strain are negative.
From Figure 16 , it can be seen that the larger tensile stress than that of the surrounding windings would appear in the shorted turn when inter-turn short circuit occurs in the excitation winding in X-direction, that is, in the rotor rotation direction. The tensile stress would increase with the increasing number of shorted turns and the scope of influence is gradually increasing. In the Y-direction-that is, the rotor radial direction-the stress change of the shorted turn is relatively small after an inter-turn short circuit occurs in the excitation winding. There are large compressive stresses on the excitation windings of two sides. In Z-direction-that is, the axial direction of generator rotor-there are large compressive stresses on the normal excitation windings. When the short circuit occurs in the excitation winding, there would be smaller stress in the shorted turns and larger compressive stress on the excitation windings of two sides. With the increasing number of shorted turns, a small tensile stress would appear in the shorted turns, and the compressive stress of the normal windings remains unchanged. From Figure 16 , it can be seen that the larger tensile stress than that of the surrounding windings would appear in the shorted turn when inter-turn short circuit occurs in the excitation winding in Xdirection, that is, in the rotor rotation direction. The tensile stress would increase with the increasing number of shorted turns and the scope of influence is gradually increasing. In the Y-direction-that is, the rotor radial direction-the stress change of the shorted turn is relatively small after an interturn short circuit occurs in the excitation winding. There are large compressive stresses on the excitation windings of two sides. In Z-direction-that is, the axial direction of generator rotor-there are large compressive stresses on the normal excitation windings. When the short circuit occurs in the excitation winding, there would be smaller stress in the shorted turns and larger compressive stress on the excitation windings of two sides. With the increasing number of shorted turns, a small tensile stress would appear in the shorted turns, and the compressive stress of the normal windings remains unchanged.
Effect of Inter-Turn Short Circuit Position on Thermal Stress Distribution
In this section, for different fault positions, the whole thermal stress changes of magnetic poles, the thermal stress of the short circuit windings, and the thermal stress of other excitation windings are calculated and analyzed with the example of three-turn short circuit in the excitation winding. The number of inter-turn short circuit positions in this section is the number of intermediate excitation windings in three-turn short circuit, consistent with 4.2. By calculation, the effect of the change of inter-turn short circuit position on the thermal stress distribution is as follows.
(1) Figure 17 shows the thermal stress distribution of the magnetic pole in the case of short circuit faults at three different locations in the three windings. Compared Figure 13 with Figure 17 , it can be seen that the thermal stress of the structure at the pole shoe decreases and the thermal stress of the 
(1) Figure 17 shows the thermal stress distribution of the magnetic pole in the case of short circuit faults at three different locations in the three windings. Compared Figure 13 with Figure 17 , it can be seen that the thermal stress of the structure at the pole shoe decreases and the thermal stress of the excitation winding at the pigeon tail end increases when the short circuit occurs near the magnetic pole shoe. The thermal stress of the winding near the pole shoe increases slightly when the short circuit occurs near the pigeon tail end.
(2) Table 3 lists the thermal stress of three-turn short circuit turns when the position of inter-turn short circuit changes. The layer in the table indicates the position of each turn among the three shorted turns, the upper-layer represents the turn closer to the pole shoe, and the lower-layer represents the turn closer to the pigeon tail end. For example, for a 2-4 turn short circuit, the second turn is the upper-layer turn, the third turn is the middle-layer turn, and the fourth turn is the lower-layer turn.
In addition, 'normal' in the right column of Table 3 represents the thermal stress of the generator in the healthy condition.
circuit occurs near the pigeon tail end.
(2) Table 3 lists the thermal stress of three-turn short circuit turns when the position of inter-turn short circuit changes. The layer in the table indicates the position of each turn among the three shorted turns, the upper-layer represents the turn closer to the pole shoe, and the lower-layer represents the turn closer to the pigeon tail end. For example, for a 2-4 turn short circuit, the second turn is the upper-layer turn, the third turn is the middle-layer turn, and the fourth turn is the lower-layer turn. In addition, 'normal' in the right column of Table 3 represents the thermal stress of the generator in the healthy condition. From the analysis of Table 3 , it can be seen that the thermal stress of short circuit turns is almost greater than 35 MPa when the short circuit occurs in the excitation windings in the middle of the magnetic pole, which is higher than the thermal stress at the pole shoe end and the pigeon tail end. The decrease range of thermal stress in short circuit turns is smaller than that in normal windings when the inter-turn short circuit fault occurs in the middle of the magnetic pole, and the decrease range of thermal stress is larger when the short circuit fault occurs at the magnetic pole shoe end and the pigeon tail end. In addition, it can be seen from Table 3 that the thermal stress of the upper-layer turn is greater than that of the lower-layer when the inter-turn short circuit is near the pole shoe end, and the lower-layer turn is basically larger than that of the upper layer when the inter-turn short circuit is near the pigeon tail end. This is also in accordance with the above law. From the analysis of Table 3 , it can be seen that the thermal stress of short circuit turns is almost greater than 35 MPa when the short circuit occurs in the excitation windings in the middle of the magnetic pole, which is higher than the thermal stress at the pole shoe end and the pigeon tail end. The decrease range of thermal stress in short circuit turns is smaller than that in normal windings when the inter-turn short circuit fault occurs in the middle of the magnetic pole, and the decrease range of thermal stress is larger when the short circuit fault occurs at the magnetic pole shoe end and the pigeon tail end. In addition, it can be seen from Table 3 that the thermal stress of the upper-layer turn is greater than that of the lower-layer when the inter-turn short circuit is near the pole shoe end, and the lower-layer turn is basically larger than that of the upper layer when the inter-turn short circuit is near the pigeon tail end. This is also in accordance with the above law.
(3) Figure 18 shows the thermal stress of several specific excitation coils when the inter-turn short circuit position changes. As shown in Figure 18 , each curve has a different degree of depression area, caused by the decrease of thermal stress during the inter-turn short circuit fault corresponding to the excitation winding. At the same time, the changes of thermal stress are different when the excitation winding is in the non-fault area. The thermal stress of the windings near the pole shoe end changes very little with the fault position when the fault occurs before the seventh turn, such as the second turn, and the fourth turn. The stress of the winding near the magnetic pole pigeon tail end changes relatively large when the fault occurs after the 7th turn, such as the 10th and 14th turns. (3) Figure 18 shows the thermal stress of several specific excitation coils when the inter-turn short circuit position changes. As shown in Figure 18 , each curve has a different degree of depression area, caused by the decrease of thermal stress during the inter-turn short circuit fault corresponding to the excitation winding. At the same time, the changes of thermal stress are different when the excitation winding is in the non-fault area. The thermal stress of the windings near the pole shoe end changes very little with the fault position when the fault occurs before the seventh turn, such as the second turn, and the fourth turn. The stress of the winding near the magnetic pole pigeon tail end changes relatively large when the fault occurs after the 7th turn, such as the 10th and 14th turns.
By comparing the thermal stresses in the fault of the five excitation windings in Figure 18 with their corresponding normal thermal stresses, we get the final result. The thermal stress of each excitation winding in short circuit in Figure 18 decreases, and the thermal stress increases when it is far from the short circuit area. The conclusion in 6.2 is proven by the analysis of thermal stress difference in that the thermal stress of the excitation winding far away from the short circuit turns increases. Figure 18 . Thermal stress distribution of magnetic pole at different short circuit locations. Figure 18 . Thermal stress distribution of magnetic pole at different short circuit locations.
Conclusions
By comparing the thermal stresses in the fault of the five excitation windings in Figure 18 with their corresponding normal thermal stresses, we get the final result. The thermal stress of each excitation winding in short circuit in Figure 18 decreases, and the thermal stress increases when it is far from the short circuit area. The conclusion in 6.2 is proven by the analysis of thermal stress difference in that the thermal stress of the excitation winding far away from the short circuit turns increases.
The inter-turn short circuit faults of excitation winding will lead to changes in the thermal static field. The thermodynamic change of rotor magnetic pole is quite complicated, since it depends on the number and position of the shorted turns. The thermodynamics of magnetic pole in the case of inter-turn short circuit of rotor excitation windings of the hydro-generator on the right bank of Three Gorges is calculated and analyzed in detail, and the main conclusions on the changes of magnetic pole fields are obtained as follows.
(1) When the short circuit occurs, the whole temperature of the magnetic pole decreases. The more shorted turns there are, the more obvious the temperature change is. Among them, when the inter-turn short circuit occurs in the middle winding of the magnetic pole, the distribution of the temperature fields of the surrounding excitation windings and magnetic poles is greatly affected.
The maximum temperature of magnetic pole decreases greatly, and the lowest temperature and position remain basically unchanged. When the short circuit occurs near the pole shoe and the pigeon tail end of the excitation winding, the effect on the distribution of the whole temperature field of the magnetic pole is relatively small. The maximum temperature changes slightly. The lowest temperature decreases and the position of the lowest temperature point change accordingly. The diagnosis of inter-turn short circuit can be realized by monitoring the change of the rotor temperature. (2) With the increasing number of shorted turns, the whole thermal deformation of the magnetic pole decreases. The thermal deformation of the excitation winding far away from the short circuit turns would increase. At the same time, the changes of the excitation winding temperature result in the deformations in the excitation winding not being uniform. (3) When a turn short circuit occurs, the thermal stress of the shorted turn increases. When a multi-turn short circuit occurs, the thermal stress of the shorted turns decreases. The greater the number of shorted turns, the greater the reduction of thermal stress, in which larger tensile stress would occur in the shorted turns along the X-direction. The thermal stress of the shorted turn decreases by a small extent when the inter-turn short circuit fault occurs in the middle of the magnetic pole, and the thermal stress decreases greatly when it occurs at the pole shoe end and the pigeon tail end.
The thermal stress of the winding adjacent to the shorted turn decreases when short circuit fault occurs in the rotor. The thermal stress of the winding farther away from the shorted winding would increase, and the thermal stress of the excitation winding between the above two would slightly change.
To sum up, the work in this paper can provide basis for deeper studies of the hydro-generator inter-turn short circuit fault and provide new feature for inter-turn short circuit fault diagnosis.
